Results are presented to demonstrate the effectiveness of the proposed method.
placement (OPP) is firstly attempted in [6] , formulating as a combinatorial optimization problem of minimizing the PMU number for system observability. In [7] , an integer programming formulation of OPP problem is proposed with the presence of conventional measurements. A generalized integer linear programming (ILP) formulation for OPP is presented in [8] . Generally, the existing OPP models concerns about the determination of minimum number and optimal location set of PMUs, ensuring thattheentirepowersystemremainsasingleobservableisland [1] . In another word, these models can only handle the cases in which the power system is operated as a single and integrated network. However, some severe faults may lead parts of the network to angle, frequency or voltage instability. In that case, trying to maintain system integrity and operate the system entirely interconnected is very difficult and may cause propagation of local weaknesses to other parts of the system [11] . As a solution, controlled islanding (CI) is employed by system operators, in which the interconnected power system is separated into several planned islands prior to catastrophic events [12] , [13] . After system splitting, wide area blackout can be avoided because the local instability is isolated and prevented from further spreading [14] . In order to operate each island with power balancing and stability after controlled islanding, it is essential to provide an OPP scheme which can keep the network observable for the post-islanding condition as well as normal condition. In this paper, an ILP model of OPP considering controlled islanding (OPP-CI) is proposed. This model is able to determine the minimal number and optimal location set of PMUs in order to provide the full network observability in normal operation as well as in controlled islanding scenario. To distinguish multiple optimal solutions, measurement redundancy is incorporated into the optimization objective. The performance of the proposed new model is assessed using several IEEE-14 bubs standard systems and a Tamil Nadu state power grid system.
II INTEGER LINEAR PROGRAMMING
Integer Linear Programming(ILP) is a mathematical optimization method for getting an optimal outcome from a given mathematical objective function, subject to some linear inequality constraints. In this thesis ILP is used for finding the minimum set of PMUs for a given power grid to achieve its complete observability. The objective of the PMU placement problem is that a bus will be reached by at least one PMU. The detailed description of ILP was reported in Refs. Two assumptions are made before applying ILP for PMU placement. First, there is no constraint on the number measuring channels for the PMU, i.e., a PMU can measure the current phasors from any number of branches that are connected to it. Second, there are no problems with the availability of the communication system. i.e., all buses are well equipped with communication facilities for the transfer of data from PMUs .
The Program for objective function and constraints of IEEE-14 Bus test systems are mentioned below (4) where  C i is the cost of installing a PMU at bus . Without loss of generality, cost of PMU installation at each bus is assumed to be equal to 1 per unit in the present study.  f i refers to the number of times that the th bus is observed through PMU measurements.  a i,j is the i-j th entry of network connectivity matrix defined as (5) For example, with (3), minimizing the number of PMUs for the IEEE 14-bus system (Fig. 1) can be formulated as follows: Constraints function: (3)+u (4)+u (5)+u (7)+u (9))+1; c(5)=-(u(1)+u (2)+u (4)+u (5)+u (6))+1; c(6)=-(u(5)+u (6)+u (11)+u (12)+u (13))+1; c(7)=-(u(4)+u (7)+u (8)+u (9))+1; c(8)=-(u (7)+u (8))+1; c(9)=-(u(4)+u (7)+u (9)+u (10)+u (14))+1; c(10)=-(u (9)+u (10)+u (11))+1; c(11)=-(u(6)+u (10)+u (11) In this thesis, an ILP model of OPP considering controlled islanding (OPP-CI) is proposed. This model is able to determine the minimal number and optimal location set of PMUs inorder to provide the full network observability in normal operation as well as in controlled islanding scenario. Compared to (4), the observability constraints of OPP-CI model are modified as follows:
(6) where is the binary entry in the connectivity matrix for post-islanding network, which is defined as
III CONCEPTS OF ISLANDING AND REDUNDANCY MEASUREMENT
Cascading failures are the most significant threats for power system security. Cascading failures together with additional line tripping can lead the system to uncontrolled splitting [11] . Formation of uncontrolled islands with significant power imbalance is the main reason for system blackouts. In order to avoid catastrophic wide area blackouts due to cascading failures, controlled islanding has been considered as an effective defense strategy. The main advantages of controlled islanding of power systems can be listed as follows [11] :
 It can separate weak and vulnerable areas from other stable parts of the system.  Compared to the whole system, small subsystems are easier to be handled and controlled under dynamic and emergency conditions.
Cite this article as: Dhanalakshmi G, Rajeswari R, Vignesh G. After establishment of planned islands, there exist some factors which may threat the stability and integrity of each island, such as power imbalance, line overloading, voltage, angle and frequency instabilities, etc. [11] . Therefore, to maintain static and dynamic stability, necessary load shedding and other control actions may be needed in each island, which always require real-time information throughout the island. In addition, real-time measurements in different islands should be collected and analyzed together to determine whether and how the power system can be restored to normal operation. To ensure the effectiveness of all the above actions, it is essential to keep each island totally observable through properly placed PMUs. In other words, the optimal placement of PMUs should be carried out in such a manner that the network remains observable under controlled islanding condition as well as normal operation condition.
Figure 2 IEEE-14 Bus system under CI condition
For example, with (6) , minimizing the number of PMUs for the IEEE 14-bus system (Fig. 2) can be formulated as follows:
(8) In this thesis, thus, maximizing the measurement redundancy is considered as an additional objective to pick out the most suitable OPP scheme for power systems. Conventionally, measurement redundancy is defined as the ratio of the number of measurements (including direct measurements and indirect measurements) to the number of states [7] . Considering that the most important state variables in state estimation are bus voltage phasors, the measurement redundancy can be redefined as the ratio of the number of voltage measurements to the number of system buses. Moreover, the measurement redundancy under islanding operation scenario as well as normal operation should be considered.
To keep consistency with (3) which is a minimization problem, the objective function of maximizing measurement redundancy is formulated as a minimization problem as well: where n is the total number of system buses; constant is the maximum number of times that the i th bus can be observed in normal operation, which equals to the number of its incident lines plus one; variable represents the number of times that the i th bus is observed by the solved OPP scheme in normal operation; and refer to the corresponding constant and variable in islanding operation condition, respectively and (1-); and are weighting factors assigned to the two components of the objective function. Since there is greater probability for a power system to be operated in normal condition than in islanding condition, in this study and (1-) are set at 0.7 and 0.3, respectively.
IV RESULTS AND DISCUSSION

TAMIL NADU STATE POWER GRID
The Tamil Nadu state Indian power grid consists of 83 buses of UHV, EHV and HV which are interconnected by 126 branches. The single line diagram of the power grid is depicted in figure 3 and their bus details are given in Table I . The ILP described in above has been applied to the grid for finding the optimal locations of the PMUs for the complete observability To establish a planned islands, there exist some factors which may threat the stability and integrity of each island, such as power imbalance, line overloading, voltage, angle and frequency instabilities, etc. Therefore, to maintain static and dynamic stability, necessary load shedding and other control actions may be needed in each island, which always require real-time information throughout the island. In addition, real-time measurements in different islands should be collected and analyzed together to determine whether and how the power system can be restored to normal operation. Hence the generation capacity of all the 83 buses in Tamil Nadu state grid is found as listed in table II
The one line diagram of TN State Power Grid having 83 buses is shown in figure. 3. Here the OPP schemes are solved for normal and CI conditions. 
TN STATE POWER GRID -NORMAL OPERATION
TN STATE GRID -CONTROLLED ISLANDING (CI) CONDITIONS
In islanding conditions, the whole system is separated into two subsystems based on measurement of generation and distribution capacity of all the buses. The islanding are done by proper load shedding so as to make the generation capacity and distribution around the island remains equal. Thus 4 different cases of islanding are chosen for TN State Power Grid. These different cases leads to multiple solution for OPP scheme. Therefore, maximizing the measurement redundancy is considered to pick out the most suitable OPP scheme for power systems. ILP is solved for all the cases to determine the OPP and measurement redundancy is found to chose the most feasible solution. Therefore, for the TN State Power Grid system, Case 3 is the most suitable solution because it has smaller value of redundancy factor than other ones, as shown in table IV V CONCLUSION Smart Grid(SG) can deliver reliable electric power to consumers with efficient utilization of power network than that provided by the traditional power system. SG is essential for a developing and highly populated country like India. One of the key requirements for the implementation of SG is the complete observability of the power grid, which can be achieved by using PMUs. An effective OPP scheme should ensure complete observability of a power network under various operation conditions. To avoid wide-area blackout following cascading failures, power system might be operated in controlled islanding mode. In this thesis, an OPP model considering controlled islanding of power system is proposed. The proposed model guarantees complete observability of power network for normal condition as well as controlled islanding condition. By introducing the measurement redundancy into the optimization objective, our OPP-CI model can find the globally optimal solution with the minimum number of PMUs and maximum measurement redundancy. At last, case studies on IEEE-14 Bus standard test systems and Tamil Nadu State Power Grid (83 Bus System) practical system provide verification of the effectiveness of the presented OPP models. This investigation can be applied to remaining all the National Power Grid of India so that the OPP schemes under Normal and Controlled Islanding conditions can be determined. Thus wide-area blackout following cascading failures can be avoided.
